We describe in detail a method to introduce optogenetic actuation tools, a mutant version of channelrhodopsin-2, ChR2(H134R), and archaerhodopsin (ArchT), into primary cardiac fibroblasts (cFB) in vitro by adenoviral infection to yield quick, robust, and consistent expression. Instructions on adjusting infection parameters such as the multiplicity of infection and virus incubation duration are provided to generalize the method for different lab settings or cell types. Specific conditions are discussed to create hybrid co-cultures of the optogenetically modified cFB and non-transformed cardiomyocytes to obtain light-sensitive excitable cardiac syncytium, including stencil-patterned cell growth. We also describe an all-optical framework for the functional testing of responsiveness of these opsins in cFB. The presented methodology provides cell-specific tools for the mechanistic investigation of the functional bioelectric contribution of different non-excitable cells in the heart and their electrical coupling to cardiomyocytes under different conditions.
Introduction
Non-excitable cells in the heart (fibroblasts, endothelial cells, smooth muscle cells, pericytes, and macrophages) are an under-investigated mystery compared to the excitable muscle cells. This is particularly true for the largest non-myocyte cell population, the cardiac fibroblasts, cFB [1] . There are no unique markers to identify them [2, 3] , and hence no robust cell-specific promoters to genetically target them [4] [5] [6] for sensing or manipulation purposes.
Recent evidence has accumulated pointing to quite important and "exciting" roles of nonexcitable cells in the heart [7] [8] [9] [10] , including their key contributions to cardiac electrical activity. For instance, fluctuations in the cFB membrane potential can modulate the operation of the sinoatrial node cells and hence can influence pacing frequency [11] . Through paracrine signaling, cFB can also influence important ion channel expression levels, such as SCN5A and KCNJ2, and hence can actively remodel myocyte electrophysiology [12] . Following cardiac injury, cFB undergo electrical phenotypic transformation to myofibroblasts [11] . This can lead to altered action potential characteristics of co-cultured cardiomyocytes through both paracrine signaling [12] and increased direct electrical coupling via gap junctional (Cx43) channels between the cFB and the cardiomyocytes [13] . Pathological responses of cFB, triggered by cardiac injury, affect their interactions with cardiomyocytes and can become the culprit of a range of proarrhythmic consequences, including conduction slowing or block, and enhanced automaticity in the myocytes bordering the injury zone [14] [15] [16] [17] . Overall, the lack of investigational research tools to specifically manipulate cFB has hampered the study and understanding of their functional contributions to cardiac activity.
Optogenetic actuation tools (light-sensitive microbial ion channels), when genetically expressed in mammalian cells, can mediate fast and cell-specific optically induced changes in their membrane potential, i.e., can cause depolarization or hyperpolarization [18] [19] [20] . Along with optogenetic sensors [21] , they can facilitate the mechanistic study not only of excitable (action potential-generating) cells but also of non-excitable cells in the complex multicellular environment of the heart [22, 23] . Pending the identification and development of better cFB-specific promoters or other ways to target cFB [6] , optogenetic actuators can allow for unique interrogation of these cells to quantify their contribution to cardiac electrical activity during normal function and during injury response and remodeling in vivo [2] . Separately, in vitro high-throughput coupling assays can be developed [24] in conjunction with micro-patterning or other ways to produce controlled heterotypic cell pairs or hybrid tissue equivalents [25, 26] that can be useful in evaluating stem cell-derived biologics for cardiac tissue repair.
So far, optogenetic actuation tools have found limited use in manipulating excitable cardiac myocytes [27] [28] [29] [30] [31] [32] . Furthermore, we have shown that optical manipulation of cardiac syncytium can also be achieved through dedicated donor cells as light-responsive units that are not excitable themselves, i.e., "tandem-cell-unit" approach, demonstrated using different generic somatic cells [33, 34] . This idea can be extended to primary cardiac fibroblasts, as demonstrated in a preliminary study [24] and described here in detail for in vitro application.
175 cm 2 Flasks.

Optogenetic Transgene Delivery by Adenovirus Infection and Optimization
1.
For opsin delivery, we used custom-generated adenovirus vectors (Ad-): Ad-CAGChR2-eYFP from the plasmid pcDNA3.1/hChR2(H134R)-EYFP [32] and Ad-CAG-ArchT-eGFP from the plasmid pAAV-CAG-ArchT-GFP. The plasmids are purchased from Addgene (Cambridge, MA) and deposited by K. Deisseroth's lab (plasmid 20940) and Ed Boyden's lab (plasmid 29777). Our stock viruses with titer concentration at 10 12 units/mL are stored at −20 °C.
1× Phosphate-buffered saline (PBS).
3. 0.05 % Trypsin-EDTA in HBSS.
4. 10 % Bleach. 
Quantification of Gene Expression and Cell Viability
2.
Prepare propidium iodide (PI) solution at 2 μg/mL in 1× Tyrode's solution. Dye solution should be prepared immediately before usage/imaging, and wrapped in aluminum foil.
Examining Opsin Functionality
1.
Glass-bottom dishes with glass number 1.
2.
Human fibronectin is prepared at a stock concentration of 5 mg/mL in filtered diH 2 O, which could be stored at −20 °C for long term. We recommend making aliquots of the stock fibronectin. For usage, dilute stock aliquots with 1× PBS to final concentration of 50 μg/mL. Diluted fibronectin could be stored at 4 °C and should be used within 2 weeks. 
Methods
The overall process from extracting primary cFB through their transduction with opsins to their functional testing requires proper time management (Fig. 1 ).
Culturing Non-excitable Cardiac Cells
Dissection of cardiac tissue and cell isolation steps have been reported in detail previously [34, 35] and are briefly summarized in this section.
1.
Remove neonatal rat ventricular tissue from HBSS and put into 30 mL trypsin solution (1 mg/mL) to digest away extracellular matrix for 12-14 h at 4 °C on a shaker at 75 rpm.
2.
Remove trypsin solution using pipette and avoid picking up tissue. Wash tissue with 20 mL M199 with 10 % FBS at 37 °C for 4 min with swirling motion. Remove M199 and start isolating cardiac cells with collagenase solutions at 37 °C five times, each time adding 10 mL and swirling at 75 rpm for 2 min. Throw away the first 10 mL collagenase solution and collect the later four repetitions.
3.
Spin down cells at 300 × g for 8 min, remove collagenase, and resuspend cells in HBSS. Filter out remaining tissue chunks and change HBSS to M199 with 10 % FBS.
Separation of non-myocyte cells (see Note 1) from cardiomyocytes is done using their ability to rapidly adhere to culturing substrates.
4.
Plate the heterogeneous cell mixture from the previous step in a 175 cm 2 flask; the typical time frame to avoid cardiomyocyte adhesion but ensure non-myocyte cell attachment is between 45 min and 1 h.
5.
Repeat once by gently transferring floating cells into a second flask for a total of 90 min to 2 h. The plated non-myocyte cells can be maintained in M199 with 2 % FBS until confluent or ready for adenovirus infection; ensure media change every 3-4 days; re-plating should be considered when stored for over 2 weeks.
Optogenetic Transgene Delivery and Optimization
The following steps specifically focus on transducing cFB with ChR2 and ArchT using adenoviral vectors starting with cell suspension to increase efficiency of infection [32] . This protocol can be scaled up or down by cell number based on experimental design. All solutions should be pre-warmed to 37 °C.
2.
Remove the second PBS wash, and add 5 mL of 0.05 % trypsin in HBSS to the flasks or enough to make sure that the entire monolayer is submerged. Immediately put the cell and trypsin mixture in a 37 °C incubator and wait for 5 min. 2 Virus entry can be less effective in high-serum condition. 3 This is a good opportunity to set some cells aside as a control group without infection for viability testing. The control group should go through same infection process except without the actual virus. 4 For low MOI using high-virus titers, a dilution in PBS could be done. 5 Waste disposal of virus contaminated tools, such as pipette tips and pipettes, should be put in 10 % bleach.
9.
At the end of the incubation period, remove virus by simply aspirating off the media from cFB monolayer and adding fresh M199 with 2 % FBS (10 % FBS could be used to stimulate growth). Wait for 2 days before examining expression.
Quantification of Gene Expression and Cell Viability
1. Initial confirmation of ChR2 or ArchT expression in cFB can come from reporter gene fluorescence, eYFP or eGFP, respectively, under fluorescence microscopy (see Note 6).
To quantify viability by flow cytometry, we recommend applying PI stain before harvesting the cells with trypsin to avoid unnecessary excessive uptake of the dye and raised background from partially compromised cell membranes (see Note 7).
2.
Aspirate cell culture media from the 35 mm dish sample, add 1 mL of 2 μg/mL PI stain, and wait for 2 min.
3.
Remove PI stain, add 0.05 % trypsin-EDTA in HBSS, and repeat the same harvesting procedure described in step 2 of Subheading 3.2.
4.
Optional: Count cells and adjust concentration in the next step by replacing trypsin solution with cell culture media. The optimal cell concentration should be based on the specific flow cytometer. Typically, 0.5 × 10 6 cells in 0.5 mL media are needed for BD Calibur flow cytometer.
5.
Spin cells down, aspirate trypsin mixture, and add M199 with 2 % FBS to dispense the cell pellet. Make sure to pipette the cells up and down multiple times to break any clusters that can clog the flow cytometer tube. Run the cells through a filter with appropriate pore size. For cFBs, a filter with 40 μm diameter is recommended.
Transfer cFBs into flow cytometry tubes and perform analysis (see Note 8).
7.
If ChR2 or ArchT expression is low, especially in difficult-to-transduce cells, enrichment by flow-cytometry-assisted cell sorting (FACS) can be applied. However, this step adds an additional cycle of lifting and plating, which may be undesirable for primary cells.
This infection protocol, based on high virus dose and longer virus incubation (24 h), has provided consistent and improved expression efficiency for both ChR2 and ArchT in cFB, without detrimental effects on cell viability (Fig. 2) .
Opsin Functionality Testing
The most direct way to ensure opsin functionality is to measure light-evoked ChR2-or ArchT-photocurrents in single cells using patch clamp methods [30] . Alternatively, opsin 6 Pattern of expression varies among cell types [23] . cFB tend to show more cytosolic expression of ChR2-eYFP or ArchT-eGFP without strong membrane-bound fluorescence. 7 PI gets incorporated into the nuclei of cells with compromised membrane in a short time. However, prolonged staining incubation will eventually stain most cells' nuclei and bias signal-to-background ratio. 8 Depending on filter settings, eYFP fluorescence can appear stronger than eGFP fluorescence. If both ChR2-and ArchT-infected cells are examined in the same flow cytometry experiment, extra attention should be paid in setting the compensation for bleed thru. In addition, if PI stain for viability is done in dual channel with reporter genes, a separate sample with no PI stain is needed to establish baseline.
functionality in cFBs can be tested within multicellular preparations. We use a co-culture of opsin-transformed primary cFBs and cardiomyocytes, and probe cFB responsiveness to light by measuring the cardiomyocyte activity, based on the "tandem-cell-unit" concept [34] .
Co-culture with
Cardiomyocytes-Different patterns of co-culture of ChR2-cFB and cardiomyocytes can be created, e.g., diffuse uniform co-culture or spatially localized ChR2-cFB cluster surrounded by cardiomyocytes. Typically, the clustered pattern of opsinexpressing non-myocytes yields better optical excitability. Cell patterning can be done using polydimethylsiloxane (PDMS) stencils. The thickness of the stencil determines the volume of cells that can be deposited, and it can be easily adjusted by the amount of elastomer cured in a fixed area.
1.
The stencil stiffness can be varied by the ratio of elastomer to curing agent; here 10:1 ratio is used. A combined weight of 9.5 g makes approximately 1 mm thick stencils in a 100 mm wide Petri dish. In a plastic cup, weigh out elastomer and curing agent at the desired volume and ratio. Mix thoroughly.
2.
Pour the elastomer mixture into 100 mm Petri dish and swirl the dish to cover the entire bottom surface.
3.
Put the Petri dish in a desiccator and turn on vacuum to remove bubbles for 60 min.
Occasional de-pressure helps draw bubbles out. However, when opening up the chamber, slowly turn the air valve to open to avoid disturbing the sample by strong flow of air.
4.
Put de-bubbled elastomer mixture on a leveled surface in oven, and bake at 50-60 °C for 2 h. Paper towel can be put below the petri dish to ensure even heating.
5.
The stencils will be applied to the glass area of glass-bottom dishes (14 or 20 mm). Cut out 1 cm × 1 cm squares (or desired size) using a pattern printout placed below the petri dish (Fig. 3a) . Puncture a circle Ø = 0.4 cm in the middle of the square with a glass puncher.
6.
Sterilize the PDMS stencils by submerging them in ethanol. Depending on the specific cell type and their ability to couple with cardiomyocytes and to proliferate, the ratio for co-culturing optically sensitized cells with cardiomyocytes needs to be calculated. Overloading the co-culture system with cFB can cause overcrowding and tissue culture peeling, since their proliferation potentials are reinforced by high serum (10 %) media required by cardiomyocytes during the first days of culturing. Vice versa, a low ratio of cFB to cardiomyocytes may make it difficult to optically excite (despite the presence of functional opsins) due to source-load mismatch. A ratio of 1 opsin-expressing cFB to 16 cardiomyocytes in co-cultures has been reliable in our experiences in testing optical excitability of ChR2-cFB with relatively low light levels.
When ChR2-cFB or ArchT-cFB come to confluence and are ready to be experimented on (see Note 9), they should be collected in parallel with the cardiomyocyte dissection/isolation procedure (Fig. 1). 7. Coat 14 mm glass-bottom dishes with 0.25 mL fibronectin, and incubate dishes at 37 °C for at least 2 h. If PDMS pattern stencil is used, rinse the ethanol off them by submerging them in PBS twice. Put one pattern on the fibronectin coating.
8.
Isolate neonatal cardiac tissue using previously described methods (Subheading 3.1). After obtaining purified cardiomyocytes, determine cell count.
9.
During the step of separating cardiomyocytes from non-myocytes (usually 90 min to 2 h), harvest ChR2-cFB or ArchT-cFB using previously described trypsin digestion steps (Subheading 3.2, steps 1 and 2) and count cell number.
For a diffused pattern (Fig. 4a) : we typically use plating density of 0.35 × 10 6 cells/cm 2 on a 14 mm glass-bottom dish (area = 1.43 cm 2 ) that holds 0.6 mL in the well, leading to mixed cell concentration of 0.83 × 10 6 cells/mL.
10.
Combine the two cell type s into one conical tube at a ratio of 1 opsin-expressing cFB:16 CM. Adjust the concentration of the cell mixture to 0.83 × 10 6 cells/mL by spinning the cells down at 1000 rpm for 4 min and remove/add M199 with 10 % FBS.
11.
Remove fibronectin coating from the glass-bottom dishes and deposit 0.6 mL of well-mixed cells in the glass well.
For a localized/confined cluster pattern (Fig. 4b) : We typically pipette 30 μL of opsin-expressing cFB in the circular cutout space of the PDMS stencil. At the 1 opsin-expressing cFB:16 CM ratio and plating density of 0.35 × 10 6 cells/cm 2 , each glass-bottom dish will have 0.03 × 10 6 opsin-expressing cFB and 0.471 × 10 6 cardiomyocytes, necessitating concentration of the opsin-expressing cFBs at 0.98 × 10 6 /mL and cardiomyocyte concentration at 0.785 × 10 6 /mL.
12.
Remove the fibronectin coating from the glass-bottom dishes. Leave the dishes uncovered to allow the glass to become completely dry so that the PDMS stencil seals to the glass. Keep the side of the stencil touching the fibronetin on the glass (Fig. 3b) .
13.
Deposit the 30 μL of opsin-expressing cFB at 0.98 × 10 6 cells/mL into the PDMS stencil and let it sit in the humidified 37 °C incubator for at least 1 h for cell attachment.
14. After incubation, in a quick manner, gently aspirate off the cell media from the surface of the PDMS stencil, remove the PDMS stencil, and deposit 0.6 mL cardiomyocytes at 0.785×10 6 /mL to fill up the glass-bottom well.
15.
Leave the samples in the hood still for 15 min to avoid spillage of cells from the glass to the plastic region. Then move the samples to the humidified 37 °C incubator and wait for 2 h before filling up the entire glass-bottom dish with 2 mL of M199 with 10 % FBS.
16.
On the next day approximately 24 h after plating, remove cell culture media from the samples and wash in PBS with shaking for 5 min to remove loosely attached dead cells. Remove PBS, fill glass-bottom dishes with M199 with 10 % FBS, and keep samples incubated in humidified 37 °C incubator for another 48 h. At this point, cardiomyocytes no longer need high-serum supplement and samples will be switched to M199 with 2 % serum for the rest of their maintenance. 2. Place stained sample on optical mapping setup, which has been described in detail previously [34] (Fig. 5) . 
Optical Mapping
4.
Apply optical stimulation of ChR2-cFB from underneath the glass-bottom dish using a pulsed 470 nm laser or LED (Thorlabs) coupled to an optical fiber (core Ø = 1 mm). The pulse duration and the needed irradiance are inversely related; hence more light is needed if pulse duration is shortened. Typically a spot size covering 75-80 % of the plated glass bottom with irradiance of 0.5 mW/mm 2 is enough for pulses longer than 10 ms. Successful excitation of cardiomyocytes by light via optically stimulated ChR2-cFB indicates functional opsins.
5.
ArchT is an inhibitory opsin that can be used to suppress spontaneous or electrodetriggered activity. Optical stimulation of ArchT-cFB may require co-stimulation from electrodes in quiescent cells to check opsin functionality. Apply electrical stimulation (10 V and 5 ms pulses) to tissue. When the co-cultured tissue follows pacing reliably, introduce a 10-s pulse of 590 nm light to activate ArchT. Successful suppression of electrically evoked excitation or shortening of the action potentials indicates functional opsins.
Optical excitation or suppression of electrical activity in cardiomyocytes can be applied to extract different electrophysiology-relevant parameters, such as action potential duration or conduction velocity (Fig. 4c) . 
